Background: Birth weight and sodium intake are both associated with risk for hypertension. It is not known whether birth weight influences response to salty taste. Objective: To assess the relationship between birth weight and salty taste acceptance of infants and young children. Design: Acceptance of salty taste was assessed at 2 (n ¼ 80) and 6 (n ¼ 76) months in infants (birth weight 42.5 kg) enrolled in a prospective cohort study. Acceptance was expressed as proportional intake following 1-min ingestion tests with water and salt solutions (0.17 and 0.34 mol/l NaCl, in water). Birth weight was obtained by maternal report. Questionnaires completed by mothers and food-ranking procedures performed by children evaluated salt liking and preference in a subset (n ¼ 38) of subjects at preschool age (36 or 48 months). Setting: Nonprofit basic research institute in Philadelphia, PA, USA. Results: Regression analysis revealed significant negative associations between birth weight and acceptance of salty taste at 2 months (0.17 mol/l, Po0.0001; 0.34 mol/l, Po0.01) but not at 6 months. Relationships were not affected by adjustment for potential confounders. In preschoolers, greater liking of (Po0.05) and preference for (Po0.01) salty foods was associated with lower birth weight in simple, but not adjusted, models. Conclusion: Measures related to salty taste preference were inversely related to birth weight over the first 4 years of life. Additional studies should substantiate these findings and explore whether early response to salty taste predicts future sodium intake, blood pressure, or other public health-related outcomes.
Introduction
The human taste system has evolved such that salty taste is hedonically pleasing to most adults, presumably to help ensure adequate consumption of sodium. Excess salt (sodium chloride, NaCl), however, can be detrimental to overall health and mortality, as sodium intake is directly related to blood pressure (Chobanian and Hill, 2000; Kaplan, 2000) , a major risk factor for cardiovascular disease. Sodium is often ingested in excess of physiological need, particularly in industrialized countries, leading public health officials in England to endorse a plan to lower average adult salt intake from 9 to 6 g/day (Scientific Advisory Council on Nutrition, 2003) . Similar public health concerns have prompted the World Health Organization to recommend that salt intake be limited to less than 5 g/day (Joint WHO/FAO Expert Consultation, 2003) .
Effective interventions to reduce sodium intake require an understanding of factors that drive liking for salty taste and promote need-free consumption. Increasing evidence indicates an influence of early developmental events on determinants of salt preference and intake. Several studies in humans suggest that severe maternal emesis can have an enduring influence on response of offspring to salty taste Bernstein 1995, 1998; Leshem, 1998) . This contention is consistent with animal studies reporting that transient episodes of dehydration and salt depletion in pregnant animals result in increased salt preference and intake by the offspring (Nicolaidis et al., 1990) . Such responses may exemplify developmental plasticity (Fessler, 2003) , reflecting fetal adaptation to anticipated environmental shortages of sodium, fluid, or both.
In other studies, emesis-induced maternal dehydration and sodium loss have been linked to decreased infant birth weight (Zhou et al., 1999) . Birth weight is in turn inversely associated with chronic disease in later life (Godfrey and Barker, 2000) , with lower birth weight related to higher blood pressure (Godfrey and Barker, 2000; Law et al., 2002) . Blood pressure and sodium-directed behavior both are components of overall cardiovascular homeostasis, and share a number of common physiologic controls (Wright and Harding, 1992; Johnson et al., 1999) . Thus, it is possible that the association between birth weight and blood pressure might be mediated in part by prenatal influences on regulatory mechanisms related to perception of or response to salty taste.
To test this hypothesis, we took advantage of a prospective study tracking postnatal development of salty taste responsiveness to evaluate the relationship between birth weight and acceptance of salty taste in human infants. Salt acceptance was assessed in infants at 2 months of age, prior to significant variation in postnatal sodium intake, and again at 6 months, following the introduction of supplemental feeding. Finally, in an initial exploration of the persistence of the birth weight-salt avidity relationship, a subset of subjects returned at 36-48 months of age for additional assessment.
Subjects and methods
To investigate early development of salty taste acceptance, 120 infants were enrolled into a prospective cohort study. Subjects were recruited in the Philadelphia metropolitan area during well-baby appointments at a low-income infant health clinic, through advertising in regional publications directed towards mothers of young children, and through flyers distributed at several suburban nursery schools. Criteria for infant inclusion were overall good health with birth weight over 2500 g. Birth weight and ethnic origin were obtained by maternal report.
Measures of salt acceptance and intake (see below) were obtained at 2 and 6 months postnatal at the Monell Center. Thirteen enrolled subjects did not report for testing at 2 months, leaving 107 subjects for whom data are available at this age. An additional 21 subjects did not return for testing at 6 months, which resulted in a 6-month sample of 86 infants.
Methods to determine relative acceptance of salty taste by infants were as previously described (Beauchamp et al., 1986) . Briefly, acceptance was assessed using short-term intake tests. Each infant was given the opportunity to ingest water and two concentrations of NaCl (0.17 and 0.34 mol/l, dissolved in water). The 0.17 mol/l concentration was chosen because it approximates concentrations (0.10 and 0.20 mol/l) used in previous studies (Beauchamp et al., 1986) to demonstrate a developmental change in response to salty taste occurring at approximately 4 months of age, with younger infants indifferent to and older infants preferring the salt solution to water. Because intake comparisons cannot distinguish insensitivity (inability to detect a stimulus) from indifference (detecting but not responding differentially) when similar amounts of each stimulus are ingested, the 0.34 mol/l concentration, which tastes quite salty to most adults, was included to address the possibility of elevated thresholds in 2-month infants due to immature sensitivity. That is, because current evidence suggests that mechanisms responsible for human salty taste transduction mature postnatally over the first few months of life (Beauchamp et al., 1986 (Beauchamp et al., , 1994 , it is possible that a higher stimulus concentration might be required to elicit a hedonic response from younger infants.
Solutions were prepared from deionized water and reagentgrade NaCl and presented to infants in plastic infant feeding bottles (Volufeed, Ross Laboratories, Columbus, OH, USA) with disposable nipples (Similac disposable nipples, Ross Products, Columbus, OH, USA). Time of testing reflected schedules of individual mother-infant pairs. Mothers were encouraged to bring infants in a 'slightly hungry' state. To stimulate sucking, each bottle nipple was introduced into the infant's mouth and rubbed gently against the upper palate. If rejected, the approach was tried again. No other encouragement was given. The three test solutions were presented in double-blind randomized order for 60 s each, with a 30 s rest between presentations. Following a 60 s pause, the presentations were repeated in reverse order. Maximum consumption of any one solution was limited to 30 ml. Bottles were weighed to the nearest 0.1 g to determine intake.
Questionnaires completed by mothers at each session provided detailed information on infant feeding practices, including information on the infant's history of breast versus formula feeding, formula type, supplemental feeding practices (water, sweetened water, baby and table food), and any use of salt in the infant's diet.
Acceptance of each NaCl solution was defined as the proportional intake of that solution relative to the combined intake of the solution and unadulterated water. Expression of data as proportional intakes eliminates variation in absolute intake related to individual and age-related differences in sucking behavior. Using this measure, a score of 0.5 represents equal intake of the salt solution and water, while higher scores indicate preferential intake of the salt solution over water and lower scores indicate rejection of the salt solution relative to water.
A subset of 38 subjects returned as preschoolers (36 or 48 months of age) for additional assessment. Subjects were contacted in order of enrollment and those tested at this age represent 65.5% of the first 58 subjects enrolled, after which financial and personnel constraints prohibited additional testing. The majority of lost subjects had moved without providing contact information. Some children had not been included in both earlier analyses; four were not tested at 2 months and another five were tested but had not met intake criteria (see below). Mothers again completed detailed questionnaires on children's feeding histories and food preferences.
Preference and liking were evaluated independently in preschoolers, as these measures are believed to represent independent constructs (Berridge, 1996) . Children's liking for salty foods was assessed by mothers, who used a 5-point category scale (anchors: a favorite and will not eat) to indicate their child's liking of 27 common foods that vary in degree of perceived saltiness (Beauchamp et al., 1990) . A mean liking score was computed for the 10 foods (potato chips, bacon, olives, soup, ham, hot dogs, French fries, crackers, pizza, pickles) previously judged by an independent panel of adults to taste most salty (Beauchamp et al., 1990) , with lower scores representing greater liking. This score was used as a proxy for the child's liking of highsalt foods. A similar procedure using the 10 least salty-tasting foods (apples, oranges, bananas, grapefruit, soda, ice cream, cake, milk, carrots) created a score representing liking for low-salt foods. Similar scores were computed for foods as a function of perceived sweetness and used as controls to evaluate the specificity of birth weight relationships with salty taste.
To assess preference for salty foods, children used a twostep ranking procedure modified from Birch et al. (1984) to indicate relative preference for seven foods (potato chips, pretzels, chocolate candies, pickles, dried banana chips, bacon bits, and shortbread cookies). Foods were presented individually in randomized order. Children were asked to taste each food and to categorize their response as like or dislike. Liking was indicated by sharing the food with a doll representing a popular cheerful television character (Big Birdt), while disliked foods were given to a familiar grumpy character doll (Oscar the Groucht) to 'put in his trash can.' After all foods were categorized in this fashion, children were asked to rank order the foods in each group using the question, 'Which of these foods is the yummiest (or, do you like the best)?' After responding, children were allowed to sample the food, after which it was removed from view and the process repeated with the remaining foods in that category. When complete, this procedure produced a complete ranking of the seven foods. Ranks of the four salty foods were summed to compute a salty food preference score; lower scores indicate higher preference.
Statistical procedures
Infants. Determination of relative acceptance requires that subjects taste each solution offered. Hence, analysis was restricted to infants who consumed a minimum of 1.0 g of each of the three solutions. This criterion was applied separately at 2 and 6 months of age. Characteristics of infants who were included in the analyses were compared with those who did not meet consumption criteria using independent t-tests or w 2 tests, as appropriate.
Associations of birth weight with infant salt acceptance were investigated using multivariate linear regression. Predictor variables were first analyzed independently. A second analysis adjusted for potential confounding factors. Birth weight, obtained by maternal report at the initial visit, was entered as a continuous variable. Factors entered into the adjusted model included infant sex, ethnic background, maternal education, family history of hypertension, time since last fed, and infant experience with breastfeeding. Ethnic background was coded as a bivariate variable, using African-American or other (comprising non-Hispanic Caucasian, Hispanic, Asian, and mixed); family history of hypertension, obtained through maternal report and coded yes/no, referred to the preceding two generations of the infant's maternal and paternal families; infant exposure to any breast feeding (partial or exclusive) was coded as yes/no based on maternal report of feeding practices at 2 months. Maternal education (in years) and time since last fed (in min) were entered as continuous variables. All factors were entered simultaneously into the model. Current body weight, obtained by maternal report, was available for 42% of infants at 2 months and 84% at 6 months; a third analysis at 6 months added postnatal weight gain to the model. Preschool-aged children. Multiple regression analysis was used as described above to investigate the independent relationships of children's liking and preference for salty foods with birth weight. Time since last fed was not entered into the adjusted model at this age.
A significance value of Po0.05 was used for all analyses, which were performed with Statistica data analysis software (v. 5.5, 2000; StatSoft, Inc.) . Proportional data were subjected to arcsine transformation to stabilize variance (Winer, 1971) . Tables and figures report raw data for ease of interpretation. Results from regression analyses are presented as R with 95% CIs. Group data are reported as mean7s.d.
The study was approved by the Institutional Review Board of the University of Pennsylvania. Informed consent was obtained from mothers, who were paid for their participation. loss were not formally assessed, but appeared to be largely due to parental disinterest and scheduling difficulties.
At 2 months, data were available for 107 infants; 52% were male. Ethnic background was predominantly AfricanAmerican (56%) and non-Hispanic Caucasian (40%), with 2% Hispanic, 1% Asian, and 1% mixed. At this age, 24% of infants were exclusively breast-fed, 37% were receiving infant formula, and 38% were fed a combination of breast milk and formula.
Due to failure to consume at least 1.0 g of each of the three test fluids, 27 infants were excluded from 2-month analyses. Excluded infants were less likely to be African-American, and were characterized by higher birth weight, a greater incidence of breastfeeding, and more highly educated mothers (Table 1 ).
An additional 21 infants did not return for testing at 6 months. Compared to the 86 infants who remained enrolled, 6-month dropouts were significantly more likely to be of African-American descent, have less-educated mothers, and were less likely to be breast-fed. Absolute intake of both salt solutions at 2 months was greater in dropouts relative to those returning at 6 months, as was proportional intake of the 0.34 mol/l salt solution. Birth weight of dropouts did not differ from that of remaining infants.
An additional 10 infants did not meet the 6-month intake criteria, so that the 6-month data analysis included 76 infants. Infants excluded at 6 months due to inadequate intake did not differ from remaining infants with regard to birth weight, gender, ethnic origin, age, mother's education, breastfeeding status at 2 months, or absolute or proportional intakes at 2 months. Table 2 reveals that 2-month infants as a group consumed comparable amounts of 0.17 mol/l NaCl relative to water, with lesser intake of 0.34 mol/l NaCl (vs water: t(79) ¼ 4.06, P ¼ 0.0001). These group data indicate insensitivity or indifference to the lower NaCl concentration and rejection of the higher concentration. However, inspection of individual data in Figure 1 reveals that proportional intake of both salt solutions varied widely at this age, ranging from strong preference to nearly complete rejection.
Salt solution consumption and acceptance
At 6 months, average absolute intakes of salt solutions did not differ from water. Inspection of individual proportional intakes again revealed considerable variability.
Feeding status (exclusively breast-fed, exclusively formulafed, or combination breast-and formula-fed) significantly influenced absolute intake of water and both salt solutions at 2 months, with exclusively breast-fed infants ingesting less Figure 1 Proportional intake of 0.17 mol/l NaCl (left panel, Po0.0001) and 0.34 mol/l NaCl (right, Po0.01) at 2 months of age as a function of birth weight, n ¼ 80. Proportional intake above 0.5 indicates preferential consumption of NaCl over water, while points below 0.5 indicate rejection of NaCl relative to water. Birth weight and salty taste LJ Stein et al than infants who were fed formula exclusively or a combination, but did not affect proportional intakes (data not shown).
Birth weight and infant salt acceptance
At 2 months, acceptance of both salt solutions was negatively associated with birth weight (Table 3 and Figure 1 ). These relationships were unaffected by adjustment for potential confounders. The relationships did not appear to reflect a generalized response to ingestants, as absolute intakes of water and 0.34 mol/l NaCl were not related to birth weight. However, several measures of absolute consumption were related to birth weight, with negative associations evident for both 0.17 mol/l NaCl intake and total fluid intake. Adding potential confounders to the model eliminated or reduced relationships between birth weight and absolute intake. These additional variables had no independent effect on acceptance at 2 months. Relationships between salt acceptance and birth weight were no longer evident at 6 months of age (Table 4 ). As at 2 months, absolute consumption of 0.17 mol/l and total fluid consumption were negatively associated with birth weight.
These relationships were marginal in adjusted models. Addition of postnatal weight gain (mean ¼ 4.7171.10 kg) to the model did not influence the results (data not shown).
Birth weight and salt acceptance at 36-48 months A subset of 38 of the original 120 children returned for additional assessment at preschool age (36 or 48 months). Not all were included in earlier analyses due to failure to meet ingestion criteria. Neither birth weight nor earlier salt acceptance differed between children tested at preschool age and those not tested (data not shown).
Liking (Liking for High-Salt Foods, assessed by mothers) and preference (Mean Rank of Salty Foods, assessed by children) for salty foods were associated with birth weight (Table 5 ), such that preference and liking increased with decreasing birth weight. Following adjustment for confounders, the relationships were no longer significant in this small subsample, although trends were in a consistent direction. There was no evidence that birth weight was related to liking for low-salt foods. A similar analysis revealed no relationship between liking for foods high or low in perceived sweetness and birth weight. Adjusted for infant sex, ethnic background, maternal education, family history of hypertension, time since last fed, and any breast-feeding at 2 months, as described in text. b R (95% CI).
c NaCl/(NaCl þ H 2 O).
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Discussion
Despite public health concerns related to consequences of excess sodium consumption (Chobanian and Hill, 2000; Kaplan, 2000; Joint WHO/FAO Expert Consultation, 2003) , the ontogeny of human sensory and perceptual responsiveness to salty taste stimuli is not well understood. The data reported here are consistent with an influence of prenatal or early postnatal events on avidity for salty taste during infancy and childhood. Measures of salty taste acceptability were inversely related to birth weight in 2-month-old infants. The overall association was enduring, with comparable relationships apparent in a subset of the subjects at preschool age (3-4 years).
Although the neonate appears to be able to detect sodium (Beauchamp et al., 1994) , positive hedonic responsiveness to the salty taste quality of moderate concentrations of NaCl emerges over the first few months of life, presumably in parallel with maturation of neural and receptor transduction mechanisms (Beauchamp et al., 1986 (Beauchamp et al., , 1994 . Previous studies have reported that, on average, infants begin to preferentially ingest concentrations of salt similar to the lower concentration used in this study over water at about 4 months of age (Beauchamp et al., 1994) . In the present study, 2-month-old infants manifested a wide range of responses to salty taste stimuli, ranging from high acceptance to strong rejection. While such differences could conceivably be attributable to random interindividual variation, the strong inverse association of salt acceptance with birth weight is consistent with an impact of unidentified prenatal or early postnatal events influencing development of salty taste sensitivity, avidity, or both.
It is becoming increasingly evident that early environment contributes to structural and functional adaptations during development, with resultant impact on lifelong health and disease (Bateson et al., 2004; Gluckman and Hanson, 2004) . Consistent with the developmental origins hypothesis, numerous lines of evidence support the concept of developmental plasticity in the human salt taste system (Fessler, 2003) . Animal studies indicate that varying maternal exposure to salt during the perinatal period has a longlasting impact on offspring salt preference (Hill et al., 1986; Thaw et al., 2000; Curtis et al., 2004) . In humans, virtually all case reports of salt appetite (i.e. increased avidity for salt following sodium depletion) involve childhood onset (Beauchamp, 1975) , suggesting that underlying physiological controls governing this behavior are especially vulnerable during postnatal development. Supporting this premise, infant exposure to a chloride-deficient diet, which disrupts electrolyte balance and mimics the hormonal consequences of sodium deficiency, is related to several measures of liking for salty foods during adolescence (Stein et al., 1996) . Together, these data, in combination with studies cited earlier Bernstein 1995, 1998; Leshem, 1998) , suggest that the perinatal period may represent a window for nutritional or physiological modulation of sodium sensitivity, hedonic response to salty taste, or both, with enduring effects on salt-related behavior.
Greater sodium intake is associated with higher blood pressure in infants (Pomeranz et al., 2002) , children (SimonsMorton and Obarzanek, 1997), and adults (Chobanian and Hill, 2000; Kaplan, 2000; Sacks et al., 2001) . As blood pressure tracks from childhood into adulthood (Bao et al., 1995) , dietary-mediated elevation of blood pressure during infancy or childhood could contribute to the expression of hypertension later in life. Blood pressure of Dutch infants was positively related to the sodium content of their diet during the first 6 months of life (Hofman et al., 1983) , and the blood pressure differences remained when a subset of the subjects was evaluated during adolescence (Geleijnse et al., 1997) .
Birth weight is inversely associated with blood pressure across the lifespan (Uiterwaal et al., 1997; Godfrey and Barker, 2000; Law et al., 2002) . The underlying mechanisms responsible for this relationship are not known, but one possibility, suggested by the data reported here, is that lower birth weight babies are disposed to prefer, and hence consume, elevated levels of sodium. A high percentage of children's food preferences are formed before 3 years of age and track into later childhood (Skinner et al., 2002) . As preference is a strong predictor of food choice and intake in young children (Birch and Fisher, 1995) , a predilection for salty taste could result in preferential intake of highersodium foods during early childhood. In turn, salt intake influences preference, such that varying dietary sodium shifts liking for the taste of salty food in children (Harris and Booth, 1987; Sullivan and Birch, 1990 ) and adults (Bertino et al., 1982) . As such, prenatal events promoting heightened avidity for salt could potentially set in place a perpetuating cycle of salt preference and ingestion. The association between birth weight and liking for high-salt foods by preschool-aged children is consistent with such a scenario. Alternatively, it is also possible that the associations of birth weight with salty taste acceptance and blood pressure are independent, reflecting a prenatal developmental adaptation influencing the ENaC/Degenerin superfamily of ion channels involved in both salty taste perception and renal sodium processing (Benos and Stanton, 1999) . While evaluation of such hypotheses requires a greater understanding of the physiology underlying salty taste perception, it could be instructive to examine whether birth weight is related to sodium intake and fractional excretion in young children. These findings should be viewed as preliminary and hypothesis-generating. The sodium concentrations employed as taste stimuli are greater than found endogenously in human breast milk (Atkinson et al., 1995) and it is not known whether infants would respond similarly to physiological concentrations. The data are not sufficient to conclude that infants are responding specifically to the taste of sodium, since a control tastant (e.g. a sweetener) was not included in all phases of this study. The observed relationship, however, does not represent a generalized response to ingestants, as birth weight was not associated with water intake. Other studies have reported either no correlation of newborn or infant weight with sucrose intake (Desor et al., 1973) or a positive relationship (Beauchamp and Moran, 1982) . Together, these findings suggest that the observed inverse relationships are specific to salty taste and do not reflect a generalized response of infants to fluids, nutrients, or tastants. Data from the preschool-aged children further support this conclusion, as liking for sweet foods was not related to birth weight.
The relationship between birth weight and salt acceptance displayed several age-related inconsistencies, which could reflect factors related to the relatively small and selected sample, developmental changes, or both. Although evident at 2 months and again at preschool age, the relationship between birth weight and salt preference was not detected at 6 months of age. The failure to identify a comparable relationship at 2 and 6 months could reflect the reduction in sample size, differential contributions of 6-month participants and dropouts in this small prospective sample, or both. As solid food typically is introduced at this age, it also is possible that perinatal adaptations influencing salt acceptance may temporarily be overshadowed by the relatively greater impact of experiential factors as infants begin to make the transition from breast milk or formula to multiple food sources (Harris and Booth, 1987; Birch and Fisher, 1995) . In preschoolers, relationships were no longer statistically significant in adjusted models, possibly due to the small sample size. As manifestation of salt preference appears to vary across individuals (Mattes et al., 1990) , differences may be difficult to detect in children ingesting diverse mixed diets. At the least, the potential age-dependent nature of this relationship highlights the current incomplete understanding regarding factors influencing the development and maturation of mechanisms underlying human salty taste perception and acceptance.
Intake exclusion criteria reflect the difficulty of collecting short-term intake data from young infants. Differences existed between excluded infants and participants with regard to ethnic background, maternal education and mode of infant feeding (breast milk vs formula). As such, the selected sample limits the extent to which conclusions can be generalized. Regardless, identification of a relationship between birth weight and salt acceptance in any segment of the population could have important public health implications.
In conclusion, these data demonstrate an inverse relation between measures of salty taste acceptability and birth weight in infants and young children. Despite inconsistencies, these findings are provocative and need to be substantiated in larger studies and extended to other points in the lifespan. Additional studies also are needed to explore the long-term consequences of these associations, and whether acceptability of salty taste by young infants is a predictor of future sodium intake, blood pressure, or other health-related outcomes.
